Objective: We evaluated the association between patients' weight and abdominal cross-sectional dimensions and CT image quality.
age range of 65 to 88 years (mean age of 71 years). Informed consent was obtained from all participating subjects.
All studies were performed with multislice helical CT scanner (LightSpeed, QX/i, General Electric Medical Services, Waukesha, WI) with four-detector rows. Following standard contrast enhanced CT study, a set of four additional images was obtained in the equilibrium phase, centered at the upper pole of right kidney. The images were obtained as per the standard scanning protocol at tube voltage (140 kVp) and tube current (240 280 mA). The images were acquired in a single breath-hold, with 2.5 mm detector configuration, table speed of 15 mm/gantry rotation based on 6:1 non-overlapping slicepitch and 0.8 seconds tube rotation time. Five millimeter thick contiguous slices were reconstructed with standard soft tissue algorithm for image analysis.
Weights of all patients were recorded just prior to the study. Cross-sectional abdominal area, circumference, anteroposterior and transverse diameters of abdomen were measured with PACS diagnostic workstation software (AGFA Impax RS 3000 1K review station, AGFA Technical Imaging Systems, Richfield Park, NJ, U.S.A.). Average anterior abdominal wall fat thickness was estimated from the measurements of anterior abdominal wall fat thickness at three different sites (midline and 10-cm lateral to the midpoint on both sides) at the level of upper pole of right kidney. Root mean square dimension was calculated as the root of the sum of squares of the maximum perpendicular anteroposterior and transverse diameters of abdomen. Two subspecialty radiologists with expertise in abdominal imaging evaluated image sets qualitatively on a PACS diagnostic workstation with a standard five-point scale at a fixed window level and window width. The images were presented to the readers in random order. Qualitative image quality scores were given on the basis of image noise, soft-tissue contrast and sharpness of organ boundaries for the liver, adrenals, kidneys, pancreas, and abdominal wall. Image quality was scored as 1=not acceptable; 2= substandard; 3=acceptable; 4=above average; 5= excellent.
Non-parametric correlation (Spearman) analysis was performed using SAS/STAT software (SAS Institute Inc., Cary, NC), to determine correlation of image quality at standard dose radiation with patient weight and cross-sectional abdominal dimensions. Confidence level of statistical association was determined by p-value of less than 0.01 (99% confidence limit). Cohen's Kappa test was performed to determine interobserver concordance using SAS/STAT software (SAS Institute Inc., Cary, NC). Weighted kappa co-efficient values for interobserver agreement were considered as slight, < 0. 
RESULTS
In the randomized review, mean scores and standard error of means for image quality of the CT studies by readers 1 and 2 were 3.8 0.05 and 3.75 0.05, respectively. There was moderate interobserver agreement in the image quality scores as determined by weighted kappa coefficient of 0.57 (p<0.05).
The range of patients' weights in our study was 41.77 to 102.15 kg (median weight = 77.18 kg) (Fig. 1) . The range of cross-sectional transverse abdominal diameters was 25 to 42 cm with average diameter of 33 cm (Fig. 2) . The range of measurements for the average anterior abdominal fat thickness, anteroposterior diameter, circumference and cross-sectional area of abdomen were 0.1 3.2 cm (average = 1.77 cm), 15.5 34.2 cm (average = 25.86 cm), 72 125 cm (average = 97.57 cm) and 386 1187 cm 2 (average = 727.33 cm 2 ), respectively. Data documenting correlation between image quality and patients' abdominal dimensions are summarized in table 1. Significant negative correlation was found between image quality and patients' weight, anterior abdominal fat thickness anteroposterior and transverse diameter, circumference, and cross-sectional area (p < .01). With standard protocol abdominal CT studies, the transverse diameter of the patients had the strongest negative correlation with subjective image quality (p =.0001). A negative linear correlation of 0.56 between subjective image quality and root mean square dimension and circumference of abdomen was found (p<.002).
DISCUSSION
More than 80% of man-made sources of radiation are accounted by diagnostic and therapeutic ionizing radiation and radionuclides (3) . Increased clinical utilization of diagnostic radiological studies is responsible for the increase in radiation doses to society. Though CT constitutes about 5% of all radiological procedures, it contributes more than 30% of radiation exposure from medical x-ray sources (4). Contrary to other x-ray based examinations, scanning parameters in CT studies are uniform for most patients and not appropriately modulated depending on patient size, body part being examined and indication of the study (5) .
Various technical advances to decrease radiation dose from CT have been evaluated (7 10) . Prior studies have suggested that it is possible to reduce tube currents based on the part of the body being scanned and weight of the patient without jeopardizing image quality (11 13) . Diverse approaches have been utilized to address the issue of radiation dose optimization such as limiting CT scans to carefully identified indications, restricting multiphase protocols to obtain specific clinical information, judicious use of repeat and follow-up studies, and appropriate adjustments in scanning parameters (6) . Tube voltage, tube current, scanning time, slice thickness, pitch and scan volume are important major scanning parameters that influence radiation dose on CT (6) . Several studies have implied that increasing pitch decreases radiation dose by reducing the scan time (14, 15) . However, higher pitch can result in lesions being missed due to slice broadening and consequent volume averaging effects. Tube current settings are often not appropriately modulated according to patient body habitus, weight, and body part to be examined (6) . Some clinical investigations have actively advocated use of patients' weight for optimizing scan parameters and reducing radiation dose without compromising image quality (16, 17) .
In a study of 4881 subjects, Han et al. reported that waist (abdominal) circumference was the best predictor of abdominal fat and had greater correlation with regional fat distribution than both weight and body mass index (weight (kg)/ height (m 2 )) (18) . Based on this large patient cohort study, we assumed that the distribution of fat and regional constitution (muscle and other tissue bulk) might reflect more accurately in the regional anthropometric dimensions than in the overall weight of the subject. Consequently, we also anticipated that a subject with height of 145 cm might have weight equivalent to a subject with height of 165 cm, and as a result, the cross-sectional abdominal dimensions of patients would be more reliable for prediction of scanning protocols. Therefore, we investigated association between image quality and the aforementioned abdominal dimensions. Indeed, we found a statistically significant negative correlation between subjective image quality and patients' abdominal dimensions and weight. Transverse diameter, circumference, cross-sectional area, and root-meansquare dimension had greater correlation with image quality than weight, anteroposterior diameter, and anterior abdominal fat thickness. In view of the fact that the beam attenuation and thus, image quality is determined by body distance traversed by the x-ray beam, our presumption that thickness of the body portion rather than weight correlates better with image quality was proven to be valid (12, 13) . Consequently, our findings support the contention of Haaga who has strongly advocated that patient diameter is a better predictor of the milliampere-second requirement than body weight because diameter better correlates with the distance of the pathway traversed by the X-ray beam (13) . In our study, maximum transverse diameter of abdomen had greatest correlation with image quality. In addition, these cross-sectional dimensions, i.e. maximum transverse diameter, circumference, cross-sectional area, and root-mean-square dimension are also representative of accurate regional abdominal constitution and can be used to predict the image quality at given CT scanning parameters. Thus, if modulation of scanning parameters to optimize radiation dose in individual patient is to be considered, the modification should be made with reference to findings of this study. Though we measured these dimen- sions from CT images, these measurements can be easily obtained prior to CT scan with a measuring tape or caliper. Alternatively, these dimensions may be measured on the scout images or a cross-sectional image obtained at a predetermined level. In addition, a lesser degree of correlation between weight and image quality was found in comparison with transverse diameter, circumference, cross-sectional area and root-mean-square dimension of abdomen. This observation supports the findings reported by Han et al. that abdominal fat distribution was more accurately related to the waist circumference than body mass index (18) . Furthermore, lesser degree of negative statistical correlation between image quality and average anterior abdominal wall fat thickness observed in our study may be explained on the basis of CT evaluation of abdominal fat depots reported by Seidell et al. (19) . These investigators had documented that intra-abdominal fat area best correlated with the waist circumference while it showed weaker associations with abdominal skin-fold thickness. In concordance with this report, our findings suggest that anterior abdominal wall fat thickness may not be truly representative of total abdominal fat and thus cannot be used as accurately to predict CT image quality at given scanning parameters.
Overall, while our data do establish significant negative correlation between abdominal dimensions and image quality, there are some internal variations within our data. There were two patients in our study that had "thin" abdominal dimensions (abdominal circumference less than 28-cm) but poor subjective image quality score. Conversely, two patients with abdominal circumference more than 28-cm had better image quality score. These contradictory observations may be explained by the previously described fact that fat enhances tissue contrast and sharpness. Some images with more fat, despite increased thickness, were in fact found to have higher image quality scores despite the beam hardening artifacts and noise, possibly due to greater tissue contrast and sharpness appreciation. For the same reason, images of some patients with less fat were found qualitatively less acceptable because of decreased tissue contrast and sharpness. This explains why we found less than perfect correlation between subjective image quality and other dimensions of the patients. This finding stresses the need for greater emphasis on objective measurement of image quality for radiation dose optimization as increase in radiation to patients would not necessarily lead to enhanced diagnostic efficacy of the study.
There are several limitations of our study. Considering the implications of the study, our sample size was relatively small especially for patients with greater abdominal dimensions. Therefore, results of our study may not reflect overall patient population. The statistical results may have been affected by inhomogeneous patient distribution between different sets of abdominal measurements. In addition, we acquired the images in equilibrium phase of contrast enhancement and the results may not be valid for the dynamic phase imaging. Objective parameters of image quality and relation of these parameters with cross-sectional dimensions of patients were not evaluated in our study. In addition, our data show that there is less than perfect statistical correlation between image quality and anthropometric parameters and in some patients "spurious" results of image quality were obtained for these anthropometric parameters. This suggests that in some patients modulation of scanning parameters based on these parameters may not give optimum and desired image quality.
In conclusion, our study shows that there is good correlation between cross-sectional dimensions and subjective image quality. Further investigations should determine whether these dimensions can be used to optimize scanning protocols in individual patients based on body habitus and reduce radiation dose to patient population without significant compromise in image quality. Of the cross-sectional dimensions evaluated, maximum transverse diameter of abdomen is the most accurate predictor of image quality. These studies should, therefore, address feasible means of measuring maximum transverse abdominal diameter that will be acceptable in a typical busy daily CT schedule.
